The Indian national capital, Delhi, routinely experiences some of the world's highest urban particulate matter concentrations.
on previous density estimates as well. We use this assumed density to estimate the mass in the observed PSD (PM 0.56 ), ultrafine particles (PM UFP ) and accumulation mode particles (PM acc ).
We calculated the Fuchs form of the Brownian coagulation coefficient (K 12 ) using equations published by Seinfeld and Pandis (2006) and then estimated the characteristic coagulation timescale (τ coag,i ) of a particle of any size onto particles of any size greater than that particle using the technique of Westerdahl et al. (2009) . We calculate condensation sink (CS) for vapor 5 condensing on the aerosol distribution following Kulmala et al. (2001 Kulmala et al. ( , 1998 and the growth rate (GR) following Kulmala et al. (2012) .
to contributing to most of the fine PM mass concentrations, N acc in Delhi also constituted a significant fraction of the PN concentrations. The N acc fraction of PN were the highest for nighttimes of autumn and winter (~45%) and the lowest for the daytimes of the warmer summer and monsoon seasons (~15%). The average hourly N acc concentrations ranged between 4200 cm −3 (monsoon midday) to 26200 cm −3 (winter evening). For all seasons, the hourly averaged hourly N acc concentrations had a morning (07:00) peak and an evening (20:00-22:00) peak, with lowest concentrations during the daytime (13:00-15:00). In 5 addition to emitting in the Aitken mode, biomass burning and diesel vehicles emit in the accumulation mode as well (Chen et al., 2017; Morawska et al., 1998) . Additionally, particles from fresh vehicular emissions can grow rapidly from the Aitken mode at the tailpipe to accumulation mode at roadside and ambient locations (Ning et al., 2013) .
Overall, UFP contributed to~65% of the PN concentrations for winter and autumn. The UFP fraction of PN concentrations was relatively higher for spring (75%), summer (78%), and monsoon (80%). The average hourly UFP concentrations ranged 10 between 17200 cm −3 (autumn midday) to 52500 cm −3 (winter evening). For all seasons, UFP concentrations had peaks in the morning (07:00-09:00) and the evening (19:00-21:00). For the relatively warmer seasons (summer, monsoon, and spring), there were additional peaks during the daytime (11:00-13:00). The UFP fraction of PN (UFP/PN) was generally the highest during the daytime in spring, summer, and monsoon (~85%). Conversely, some of the lowest UFP/PN levels were observed during the nighttime of winter and autumn (~55%). The UFP/PN levels observed in Delhi are generally lower than those in 15 cleaner cities (Hussein et al., 2004; Rodríguez et al., 2007; Putaud et al., 2010) and even lower compared to some other polluted ones where mass concentrations often exceeded~100 µg m −3 (Whitby et al., 1975; Laakso et al., 2006; Wu et al., 2008) . As a result of the relatively large fraction of PN being constituted of non-UFP (N acc ) in Delhi, the median diameter size observed were often much larger than those observed in these cleaner cities.
The hourly averaged median diameters were largest during nighttime of winter and autumn, reaching up to~90 nm. The 20 smallest hourly averaged median diameters (~40 nm) were observed during the daytime of spring, summer, and monsoon. As with the concentrations and fractions of the PN modes, the median diameters also had sharp seasonal and diurnal variations.
For winter and autumn, the hourly averaged median diameters ranged between 50 nm during the late afternoon (16:00) to 90 nm during the late night/early morning (03:00). The median diameters were the smallest for the relatively less polluted warmer months (summer, monsoon, and spring), with the hourly averaged median diameters ranging between 35 nm (12:00) to 75 nm 25 (03:00). For comparison, the median diameter in Helsinki (calculated for~12-560 nm) was~30 nm (Hussein et al., 2004) . In Los Angeles, the median diameters up to 150 m from a freeway (our site is~150 m from an arterial road) were <50 nm (Zhu et al., 2002) . We found that for all seasons, the nighttime had larger particles than the daytime. For winter and autumn, the average median diameters were~65 nm during the day and~80 nm during the night. For the spring, summer, and monsoon, the average median diameters were~40 nm during the day and~65 nm during the night.
30
In Fig. 6 , we present the average observed PSD evolving over the day for each season as a heatmap. For the spring, summer, and monsoon the average seasonal heatmap indicates daytime new particle formation. However, winter and autumn had lower concentrations of the smaller particles that are generally associated with new particle formation. In the following section (Sec. 3.3) we explore the role of coagulation scavenging during polluted periods in selectively suppressing concentrations of smaller particles and resulting in an increase in the median diameter size.
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Coagulation scavenging
The evolution of ambient particle size distributions reflects the complex interplay between emissions, atmospheric dilution, and a wide range of aerosol dynamic processes including new particle formation, evaporation/condensation, and coagulation.
In this section we explore the role of coagulation scavenging in suppressing both the existing UFP concentrations and new particle formation during periods with high aerosol mass loadings corresponding to elevated N acc levels. During the polluted 5 winter and autumn seasons, the daytime UFP levels were often lower than those during the same period in the warmer months.
In Fig. 7 we present PSD heatmaps for an extremely polluted (high aerosol mass loading) period (Feb 1-5, 2017). During the polluted episode ( Fig. 7 (a) ), the PM 0.56 concentrations ranged between 100-400 µg m −3 and the PN concentrations between 25000-80000 cm −3 . The peak PN levels were observed during the evening traffic rush hours. Even though PN concentrations decreased during the late evening (~8-11 PM), the PM 0.56 levels kept continuously increasing all night. The N nuc levels de-10 creased during these polluted evening periods even as N ait and N acc levels increased ( Fig. S13 ). This dynamic suggests that coagulation may be acting as a strong control on concentrations of smaller particles, even as emissions are high. The characteristic timescale for particles smaller than 15 nm to be lost to coagulation scavenging by larger particles was less than 15 minutes for these polluted evenings. The size of the particles rapidly increased from the evening to the nighttime (growth rates up tõ 10 nm h −1 ) and coagulation may be one of the mechanisms that contributes to this rapid growth. 15 Since coagulation only affects particle number concentrations, and not mass concentrations, PM 0.56 increased into the night, possibly owing to a combination of increased sources (e.g., nocturnal truck traffic, biomass burning for cooking and heat) and decreasing ventilation (Guttikunda and Gurjar, 2012; Guttikunda and Calori, 2013; Bhandari et al., 2019) . The PN concentrations dropped after the evening traffic rush hours and only increased again during the morning traffic rush hours.
We followed Westerdahl et al. (2009) to calculate the coagulation timescales corresponding to the observed PSD (Sec. 2.3).
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When a small particle coagulates onto a larger particle, the small particle is lost and the big particle scarcely grows. In Fig. 8 we have presented the diurnal and seasonal profiles for the modeled coagulation timescales for a 15, 30, and 100 nm particle.
For the nucleation mode particle (15 nm), the timescales ranged from a few minutes for the polluted periods (mornings and evenings of cooler seasons) to~1 h for the relatively less polluted periods (midday of warmer seasons). The corresponding range for an Aitken mode particle (30 nm) was from~1-4 h. Finally, for an accumulation mode particle (100 nm), coagulation 25 was not a significant sink owing to the extremely long timescales (tens of hours). Advection timescales across Delhi are~3-5 h based on a length scale of~40 km at typical wind speeds.
Coagulation scavenging of UFP on to the larger accumulation mode particles could explain the suppression in UFP concentrations for polluted periods which have high accumulation mode concentrations. The high aerosol surface area from particles in the accumulation mode, in addition to contributing to most of the mass, can act as a coagulation sink for the smaller particles.
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The scavenging of UFP in Delhi during the polluted periods could explain the higher median particle diameters than those usually observed in other urban environments (Salma et al., 2011) . In Table 2 , we compare characteristic condensation sink (SO 2 ) and coagulation sink (for 1, 5, 10, 15, 30, and 100 nm particles) for Delhi (least and most polluted) with other cities (clean and polluted). Based on the coagulation timescales for these polluted periods, for a 1 h period coagulation scavenging could result in removal of~85% of the 10 nm particles,~50% of the 30 nm particles, and~10% of the 100 nm particles present at the beginning of the hour. The coagulation sink for UFP in Delhi during the polluted periods was~20 times larger as compared to a clean city (Helsinki). Even for least polluted periods in Delhi, the coagulation sink for UFP was~4 times larger than Helsinki.
New particle formation
For the less polluted seasons (Fig. 6 ), we observed a sharp increase in the concentration of nucleation mode particles during 5 middays suggesting new particle formation. In Fig. 7 (b) we present PSD heatmaps for a relatively less polluted period (Apr 7-11, 2017). During some days for this period we observed new particle formation and growth. The growth of particles in the nucleation mode was especially prominent for the latter two days of this episode when the PM 0.56 concentrations were almost half the PM 0.56 concentrations of the first two days and consequently both the condensation and coagulation sinks (across particle sizes) also decreased by~50%. We observed "banana-shaped" growth events during these relatively clean conditions 10 which were consistent with growth of atmospheric nanoparticles observed elsewhere (Kulmala and Kerminen, 2008) . The growth rates of the nucleation mode particles for these growth events were~4 nm h −1 . It should be noted that our SMPS measurements had a lower size cut of 12 nm, implying that the particles in the nucleation mode had already grown before being detected.
We did not observe banana-shaped growth patterns very often as the growth phase was probably disrupted by coagulation 15 scavenging. For example, even for the least polluted monsoon, coagulation timescales for a 15 nm particle were~1 h (Fig. 8) .
In contrast, the new particle formation related growth rate observed are generally between 1-10 nm h −1 (Bianchi et al., 2016; Kulmala et al., 2004) , with growth rates for polluted megacities usually slower than 5 nm h −1 (Zhao et al., 2018, and references therein). So, as has been shown in studies from other polluted environments, a nucleation mode particle is more likely to coagulate on to larger particles than to grow up to the Aitken/accumulation mode. Overall, the aerosol dynamics are a complex 20 interplay of both new particle formation and coagulation scavenging, with nucleation mode particles generally susceptible to getting 'lost' onto the accumulation mode particles.
Large accumulation mode concentrations also act as a strong condensation sink ( for the least polluted period in the Delhi (generally 2-3 PM during the monsoon), the condensation sink was~4 times larger than Helsinki. The condensation sink for the polluted periods was somewhat higher than Beijing (polluted city) (Laakso et al., 2006) , but within the same order of magnitude. For spring, summer, and monsoon, we estimated the condensation sink to be more than an order of magnitude lower than the winter and autumn. Consequently, unlike winter and autumn, we observed an increase in daytime UFP concentrations (around 12-30 nm) for the relatively less polluted months which was consistent with 30 daytime new particle formation from nucleation events (Kulmala et al., 2004; Brines et al., 2015) .
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Role of meteorology
In Gani et al. (2019) we showed that meteorology-specifically change in ventilation-was an important factor in driving the seasonal aerosol mass variations observed in Delhi. However, PN levels did not show similar seasonal variation (Fig. 2) . In Fig.   S11 , we have presented the 2-week averages for ventilation and PN concentrations (by mode and total). N acc concentrations decrease as the ventilation coefficient increases. Since accumulation mode particles constitute most of the submicron mass, 5 decrease in N acc concentrations with increasing ventilation is consistent with our previous analysis that showed decrease in mass loadings with increasing ventilation. N ait concentrations seem to have a smaller slope than accumulation mode concentrations. N nuc concentrations increased with increasing ventilation, consistent with new particle formation and/or less coagulation scavenging. Comparing rainy and non-rainy days during the monsoon suggests that rain reduces the accumulation mode concentrations, without affecting the nucleation or Aitken mode particle concentrations ( Fig. S12 ). Studies generally show that 10 rain only affects large coarse mode particles (>2.5 µm) (García Nieto et al., 1994; Chate et al., 2003) .
The lower sensitivity of PN to ventilation changes can be explained by the dissimilar sources and atmospheric process that should initially increase concentrations for all particle sizes similarly, coagulation causes the smaller UFP to be selectively 'lost'-causing a larger increase for aerosol mass compared to number. Conversely, periods with high ventilation (daytime of warmer months) also have more nucleation events resulting in increased UFP concentrations, but with almost no contribution 20 to aerosol mass (Brines et al., 2015) . During the cooler winter and autumn, the elevated RH ( Fig. 1 ) could further suppress the NPF rates (Hamed et al., 2011) in addition to large condensation sinks from existing particles (Sec. 3.4). Overall, for Delhi, a complex interplay of sources and atmospheric processes made PN levels less sensitive to meteorological changes as compared to aerosol mass loadings.
Lessons from multi-modal PSD fitting 25
In this section we present the parameters obtained by fitting multi-modal lognormal distributions on the seasonal and characteristic time-of-day averages of the observed PSD (Table 3) . For most seasons and times of day, the PSD were bimodal. Even when there was a third mode, it contained less than 10% of the total PN concentration. While the smaller mode (ultrafine mode) ranges from 20-40 nm depending on season and time of day, the larger mode (accumulation mode) ranged from 80-120 nm.
For all seasons the late night ultrafine mode concentrations contributed to less than half of the total PN concentration. This 30 observation can be explained by fewer sources of UFP-less traffic and no nucleation events-and a large coagulation sink from nighttime aerosol mass loadings (from accumulation mode) which are often high in part due to unfavorable nighttime meteorology (Gani et al., 2019) . The accumulation mode during late nights had median diameters between 100 nm for the relatively less polluted summer and monsoon to 120 nm for spring, winter, and autumn.
During the morning rush hour, the median diameter of the ultrafine and accumulation mode were the smallest for the summer (21, 100 nm for ultrafine and accumulation mode) and monsoon (23, 110 nm) compared to spring (28, 122 nm), autumn (35, 120 nm), and winter (39, 122 nm). Autumn had three modes (35, 120, 234 nm) with the ultrafine mode contributing to 58%, 5 accumulation mode to 34% and the third mode contributing to only 8% of the total PN concentration. For winter during the same period, half of the PN concentrations were in the ultrafine mode (~40 nm) and the other half in the accumulation mode (~120 nm). The fraction of PN in ultrafine mode during the same period was relatively higher for the other seasons which had less aerosol mass loadings compared to winter, with the least polluted monsoon having 66% of the PN in the ultrafine mode.
The midday PSD were bimodal for winter (26, 125 nm), autumn (29, 122 nm), spring (19, 100 nm), and summer (26, 111 10 nm). For monsoon the PSD was trimodal (27, 90, 177 nm), with only 6% of the PN fraction in the third mode. Generally, the midday hour had some of the highest fraction of PN concentrations in the ultrafine mode, especially for summer (80%), monsoon (83%), and spring (81%). The corresponding levels while much lower for the more polluted autumn (56%) and winter (53%), were higher than most other times of day within those seasons. Even in absolute terms, summer, monsoon, and spring had some of the highest PN concentrations in the ultrafine modes. The high ultrafine mode concentrations-both magnitude 15 and PN fraction-is potentially from new particle formation (Kulmala et al., 2004) . We observe characteristic new particle formation followed by some growth for the warmer seasons (Fig. 6 ). However, during the more polluted winter and autumn, daytime new particle formation is not observed-potentially because of strong coagulation and condensation sink (Sec 3.4).
During the evening rush hour, the PSD were bimodal for winter (35, 88 nm), autumn (39, 103 nm), spring (28, 80 nm), and summer (30, 89 nm). For monsoon the PSD was trimodal (27, 76, 203 nm) , with only 5% of the PN fraction in the third mode.
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The relatively smaller median diameter for the accumulation mode during the traffic rush hour is consistent with particles from fresh vehicle exhaust-both gasoline and diesel-being smaller than those from biomass burning and other aged aerosol.
While gasoline engines emit in the~20-60 nm range, diesel engines emit in the~20-130 nm size range (Ristovski et al., 1998; Morawska et al., 1998) 
Conclusions
We used continuous, highly time-resolved and long-term data to provide a detailed seasonal and diurnal characterization of cities where PN concentrations have generally observed to be around 10000-60000 cm −3 (Kumar et al., 2014) . Observations from other polluted cities (e.g., in China) also show that high aerosol mass does not necessarily imply similarly high PN concentrations (Laakso et al., 2006; Wu et al., 2008; Shen et al., 2011) . Furthermore, the seasonal variability of PN was much less than that of the PM measured at our site. While it is generally assumed that UFP constitute most of the PN concentrations, we observed that large number of accumulation particles-that constitute most of the fine aerosol mass-contributed to almost half of the PN concentrations for some of the extremely polluted periods. UFP concentrations were found to be lower during 5 periods with some of the highest mass concentrations.
We show that the lack of proportionality between aerosol mass and number concentrations result from rapid coagulation of UFP, especially during periods with high accumulation mode concentrations. Furthermore, the accumulation mode particles can also act as a strong condensation sink, causing vapors to condense onto existing particles instead of forming new particles.
Even though coagulation does not affect mass concentrations, it can significantly govern PN levels with important health and 10 policy implications. Furthermore, implications of a strong accumulation mode coagulation sink for future air quality control efforts in Delhi are that a reduction in mass concentration, may not produce proportional reduction in PN concentrations.
Long term continuous observations of PSD from Delhi will be able to provide important insights into the role of sources and atmospheric processes that drive aerosol number concentrations.
Data availability. Hourly PSD data used in this study will be made available via the Texas Data Repository upon publication. 
